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Summary
The plant hormone auxin is perceived by a family of F box
proteins called the TIR1/auxin-signaling F box proteins
(AFBs). Phylogenetic studies reveal that these proteins fall
into four clades in flowering plants called TIR1, AFB2,
AFB4, and AFB6 [1]. Genetic studies indicate that members
of the TIR1 and AFB2 groups act as positive regulators of
auxin signaling [1, 2]. In this report, we demonstrate a unique
role for the AFB4 clade. Both AFB4 and AFB5 function as
auxin receptors based on in vitro assays. However, unlike
other members of the family, loss of AFB4 results in a range
of growth defects that are consistent with auxin hypersensi-
tivity, including increased hypocotyl and petiole elongation
and increased numbers of lateral roots. Indeed, qRT-PCR
experiments show that afb4-2 is hypersensitive to indole-3-
acetic acid (IAA) in the hypocotyl, indicating that AFB4 is
a negative regulator of auxin response. Furthermore, we
show that AFB4 has a particularly important role in the
response of seedlings to elevated temperature. Finally, we
provide evidence that the AFB4 clade is the major target of
the picloram family of auxinic herbicides. These results
reveal a previously unknown aspect of auxin receptor
function.
Results and Discussion
An extensive phylogenetic analysis revealed that the AFB4/
AFB5 clade diverged from the TIR1/AFB1–3 clade w300–400
million years ago, whereas the AFB2/AFB3 clade diverged
from TIR1/AFB1 w200 million years ago [1]. Genetic and
biochemical studies have demonstrated that members of the
TIR1 and AFB2 clades are positive regulators of auxin
response and differ in their relative contributions to seedling
development [1]. However, the phylogenetically distinct
AFB4 group comprised of AFB4 (At4g24390) and AFB5
(At5g49980) has not been characterized in detail. Because
these proteins have only 50% identity to the other TIR1/AFB
proteins, it is likely that they have evolved distinct functions.
To explore this possibility, we performed a series of experi-




A*Correspondence: mestelle@ucsd.eduThe AFB4 and AFB5 Proteins Are Auxin Receptors
Our first objective was to determine whether AFB4 and AFB5
are subunits of SCF complexes. Transgenic lines expressing
c-myc-tagged versions of AFB4 and AFB5 under the control
of the AFB5 promoter were generated for coimmunoprecipita-
tion experiments. AFB4-myc and AFB5-mycwere immunopre-
cipitated from plant extracts with anti-myc antibody coupled
to agarose beads. After washing, the samples were resolved
by SDS-polyacrylamide gel electrophoresis, blotted, and
probed with antibodies to the Arabidopsis SKP1-related
protein ASK1 [3]. A line expressing TIR-myc was included for
comparison [3]. Consistent with their similarity to the TIR1
and AFB1–3 proteins, both AFB4 and 5 interacted with ASK1
and presumably form an SCF complex (Figure 1A).
To determine whether AFB4 and AFB5 also exhibit the char-
acteristics of auxin receptors, we performed pull-down exper-
iments with the Aux/IAA protein IAA3. Equivalent amounts of
total protein extract from AFB4-myc and AFB5-myc plants
were incubated with GST-IAA3 bound beads in the presence
or absence of 50 mM indole-3-acetic acid (IAA). Both AFB4
and AFB5 interacted with IAA3 in an auxin-dependent manner,
demonstrating that these proteins probably function as auxin
receptors (Figure 1B).
AFB4 and AFB5 Are the Major Targets of the Picolinate
Class of Auxinic Herbicides
The synthetic auxin picloram (4-amino-3,5,6-trichloropicolinic
acid) has been well studied for its auxinic herbicidal properties
on a variety of plant species [4–6]. To identify genes required
for herbicide response, Walsh and colleagues [7] screened
EMS-mutagenized Arabidopsis seedlings to identify mutants
that were specifically resistant to picolinate auxins [7]. One
of the genes identified in this screen was AFB5. Further char-
acterization revealed that afb5 mutants were highly resistant
to picloram but sensitive to 2,4-dichlorophenoxyacetic acid
(2,4-D), a synthetic auxin from the aryloxyacetate class [7].
To further explore this specificity, we obtained a T-DNA inser-
tion allele of AFB5 referred to as afb5-5. This allele has an
insertion in exon 2 that results in the loss of full-length AFB5
mRNA (see Figures S1A and S1B available online). In addition,
six afb4 mutants were recovered from the Arabidopsis
TILLING project, two of which were characterized in greater
detail [8]. The position and nature of the amino acid substitu-
tions is shown in Figure S1C. The root growth response of
several of these mutants to picloram was determined and
compared to Col-0 and tir1-1. Consistent with Walsh et al.
[7], afb5-5 seedlings were resistant to picloram-mediated
root inhibition. Similarly, afb4-2 and afb4-3 were picloram
resistant whereas tir1-1 exhibited wild-type sensitivity (Fig-
ure 2A). Furthermore, picloram resistance was enhanced
in both double-mutant combinations. In contrast, neither
afb4-2 nor afb5-5 displayed significant resistance to either
IAA or 2,4-D (Figure 2B).
Picloram is known to promote hypocotyl elongation [9]. To
examine whether AFB4 and AFB5 contribute to this response,
we grew seedlings for 4 days under short-day (SD) photope-
riods before transferring them to fresh plates containing
5 mM picloram. As expected based on previous studies,
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Figure 1. AFB4 and AFB5 Interact with ASK1 and Interact with the Aux/IAAs
in an Auxin-Dependent Manner Revealing their Role as Auxin Receptors
Pull-down experiments were carried out using crude plant extracts
prepared from [tir1-1] GVG-TIR1-myc, [afb5-5] AFB5-AFB5-myc, and
[afb5-5] AFB5-AFB4-myc seedlings and recombinant GST-IAA3.
(A) TIR1-myc, AFB4-myc, and AFB5-myc were immunoprecipitated with
anti-myc antibody coupled to agarose beads, and ASK1 was detected
with an anti-ASK1 antibody. The lower band corresponds to ASK1 protein.
(B) Pull-down reactions were incubated for 45 min in the presence or
absence of 50 mM indole-3-acetic acid (IAA). GST-IAA3 was immunoprecip-
itated with glutathione agarose beads, and AFB4-myc and AFB5-myc
protein were detected with anti-c-myc-peroxidase antibody.
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521picloram stimulated elongation ofCol-0 hypocotyls (Figure 2C)
[9]. In contrast, the afb4-2 mutant was slightly picloram resis-
tant, and afb5-5 and afb4-2 afb5-5 were almost completely
resistant to picloram. Picloram sensitivity was restored in
afb5-5 by introducing the AFB5-myc construct described in
Figure 1. Similarly, we demonstrated that an AFB4:AFB4-
GUS transgene restored picloram sensitivity to the afb4-2
mutant (Figures S1D and S1E). These results demonstrate
that the picloram-dependent hypocotyl elongation is primarily
AFB4/5 dependent.
To determine whether picloram selectivity is expressed at
the biochemical level, we carried out pull-down assays as
before, but with the addition of 50 mM picloram. Both AFB4
and AFB5 interacted with IAA3 in a picloram-dependent
manner, whereas TIR1 did not (Figure 2D), suggesting a unique
specificity of the AFB4 clade for picloram. To compare the
interaction of AFB4 and AFB5 with picloram with that of other
auxins, we also performed side-by-side pull-down experi-
ments (Figure 2E). The results indicated that both proteins
also respond to IAA, 1-naphthalene acetic acid (NAA), and
2,4-D. Interestingly, picloram was only slightly more effective
than 2,4-D in promoting the interaction between AFB4 and 5
and GST-IAA7, whereas IAA appeared to be most effective in
promoting the interaction. However, it is important to note
that these pull-down assays were not quantitative. Our results
indicate that members of the AFB4 clade have a high affinity
for IAA but also exhibit structural differences compared to
the other TIR1/AFB proteins that allow them to respond to
picloram.
Taken together, these data indicate that members of the
AFB4 clade are the major targets of the picolinate herbicides
in Arabidopsis. This finding is particularly important because
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Aof the broad use of picloram in agriculture. Identifying the
genes that contribute to picloram sensitivity will provide the
basis for the development of picloram-resistant crops.
AFB4 Is a Negative Regulator of Auxin-Dependent
Processes
To assess the role of AFB4 and AFB5 in the developing seed-
ling, we examined several auxin-dependent growth processes
in the mutants, including petiole and hypocotyl elongation and
lateral root formation. For comparison, we also examined the
tir1-1 afb2-3 double mutant, which is known to be deficient
in hypocotyl elongation and lateral root formation [2]. This
was confirmed in our experiments (Figures 3A–3D). Surpris-
ingly, the afb4-2 single and afb4-2 afb5-5 double mutants
had the opposite effect on these processes. The afb4-2mutant
had elongated petioles (Figure 3A) and a longer hypocotyl (Fig-
ure 3B) thanwild-type seedlings. The afb5-5 singlemutant was
like wild-type but enhanced the afb4-2 hypocotyl phenotype in
the double mutant, suggesting that AFB5 has a similar but
lesser role in these processes. Importantly, the increase in
length of the afb4-2 hypocotyl was not due to a prolonged
growth phase. Rather, the growth rate of mutant seedlings
was increased relative to wild-type, particularly early in devel-
opment (Figure S2A). In addition, the afb4-2 mutant had
shorter roots and produced more lateral roots/primary root
length than wild-type seedlings (Figures 3D and 3E). At this
point, it is not clear whether increased lateral root density is
a direct effect of the mutation or related to the shorter primary
root. In addition, it is important to note that we have not deter-
mined the origin of these roots in detail, and it is possible that
AFB4 has a role in anchor or adventitious root production. A
recent study has demonstrated an important role for auxin in
the development of these roots [10]. To confirm that these
defects are due to the loss of AFB4, we examined the afb4-2
line carrying the AFB4:AFB4-GUS transgene. We found
that the transgene substantially restored the mutant to wild-
type levels with respect to hypocotyl length, petiole length,
and root growth (Figures S2B–S2F). These results indicate
that AFB4 is a negative regulator of petiole and hypocotyl
elongation as well as lateral root formation. It is interesting to
note that the growth phenotype of the afb4-2 mutant is
stronger than any of the other single mutants in the TIR1/
AFB family.
The opposite phenotype of the tir1-1 afb2-3 and afb4-2
mutants is striking. To understand the relationship between
the AFB4 clade and the other receptors, we introduced the
afb4-2 mutant into the tir1-1 afb2-3 background. The tir1-1
afb2-3 afb4-2 triple mutant exhibited an afb4-2-like phenotype
with longer petioles and hypocotyl than tir1-1 afb2-3 and wild-
type (Figures 3A and 3B). It is evident that in the case of these
tissues, afb4-2 is epistatic to tir1-1 and afb2-3, suggesting that
AFB4 function does not depend on the other members of the
TIR1/AFB family. In the case of root growth, the situation is
more complex. The triple mutant did not exhibit an increase
in lateral root density compared to tir1-1 afb2-3, suggesting
that afb4-2 is not epistatic in this tissue (Figure 3C). However,
afb4-2 does appear to be epistatic with respect to primary root
elongation. Further experiments are required to understand
the relationship between the different TIR1/AFB proteins
in the roots.
The PIF4 and PIF5 genes encode related basic helix-loop-
helix proteins that function in a variety of growth processes.
They are positive regulators of hypocotyl growth and are regu-
lated by the gibberellic acid, light, and clock pathways [11–15].
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Figure 2. AFB4 and AFB5 Are Required for the Picloram Response
(A and B) Five-day-old wild-type (WT) and tir1/afb mutant seedlings grown on Murashige-Skoog medium were transferred to media containing 0, 1, 5, or
10 mM picloram (pic, A) or 50 nM 2,4-dichlorophenoxyacetic acid (2,4-D) or IAA (B) for an additional 3 days.
(C) Four-day-old WT and tir1/afb seedlings were transferred to 5 mMpicloram for an additional 2 days. In (A)–(C), root and hypocotyl length were expressed
as a percent elongation based on no-auxin control growth, and error bars represent standard error.
(D and E) Pull-down reactions were carried out as in Figure 1 with 50 mM of the indicated auxin.
See also Figure S1.




EDTo determine whether the effect of afb4-2 on the hypocotyl is
dependent on PIF4 and PIF5, we introduced afb4-2 into the
pif4-101 pif5-1 double mutant. We found that the pif4-101
pif5-1 double mutant had a shorter hypocotyl at 22C under
SD conditions but that afb4-2 acted to partially suppress this
phenotype (Figure 3E). This result suggests that AFB4 func-
tions at least partially independently of PIF4 and PIF5.
Expression of the AFB4 and AFB5 Genes
To determine whether differences in expression pattern
between AFB4 and AFB5 can account for the difference in
mutant phenotype, we measured transcript levels for each of
the TIR1/AFB genes in tissue collected from 4-day-old seed-
lings by quantitative RT-PCR. The results in Figure 3F suggest
that the level of the AFB4 transcript was extremely low
compared to other members of the family in all three tissues
examined. In contrast, AFB5 transcript levels were relatively
high, particularly in the hypocotyl (Figure 3F). AFB4 transcript
levels were similar in the root, hypocotyl, and cotyledon,
whereas the other members of the TIR1/AFB family exhibited
different levels of expression in roots, hypocotyls, and
cotyledons.
To confirm these results, we also generated transgenic lines
in which the AFB4 and AFB5 cDNAs were fused to GUS and
placed under the control of the AFB4 and AFB5 promoters,
RE
T respectively. Seedlings were stained after 4 days under SDgrowth conditions. In the case of the AFB4:AFB4-GUS lines,staining was only visible at the root-shoot junction and in theroot tip (Figure S2G), consistent with the low levels of the tran-
script. In contrast, in AFB5:AFB5-GUS lines, fairly uniform
staining was observed in all tissues at amuch higher level (Fig-
ure S2G). These results indicate that the greater role ofAFB4 in
seedling development compared to AFB5 is not related to
expression level.
We obtained similar results in a recent study of TIR1 and
AFB1 [1]. In this other study, AFB1 was expressed at a much
higher level than TIR1 but had a lesser role in root develop-
ment. We show that the interaction between AFB1 and
selected Aux/IAA proteins is weaker than that of TIR1, explain-
ing why TIR1 has a greater contribution to auxin response.
Thus, the difference between AFB4 and AFB5 may be related
to differences in the biochemical activity of the two proteins.
Further studies will be required to determine whether this is
the case.
AFB4 Is a Negative Regulator of Auxin Response
in the Hypocotyl
All of the defects observed in afb4-2 seedlings can be simu-
lated in wild-type seedlings by treatment with auxin. In addi-
tion, afb4-2 seedlings have a phenotype similar to that of the
Figure 3. The afb4-2 Mutant Shows Stronger Auxin-Related Phenotypes Than afb5-5 and Has Much Lower Expression Levels
(A and B) Petiole (A) and hypocotyl (B) lengths of 6-day-old WT and tir1/afb mutant seedlings.
(C) Lateral root number divided by primary root length (mm) in 10-day-old WT and tir1/afbmutant seedlings grown under long-day (LD) photoperiods (16 hr
light:8 hr dark). Measurement values are shown in Figure S2F.
(D) Images of 7-day-old WT and tir1/afbmutant seedlings grown under LD photoperiods. Arrows point to lateral roots emerging from root-shoot junction.
(E) Hypocotyl lengths of 6-day-old WT and mutant seedlings grown at 22C.
(F) qRT-PCR of TIR1, AFB4, and AFB5 in hypocotyl tissue from 4-day-old WT seedlings grown under short-day (SD) conditions.
Error bars represent standard error. *p < 0.05 versus WT, **p < 0.05 versus WT and other single and double mutants by Student’s t test. See also Figure S2.





EDyucca-2D mutant [16]. This mutant overexpresses a flavin
monooxygenase-like enzyme involved in auxin biosynthesis,
resulting in increased IAA levels. Like yucca-2D, afb4-2 seed-
lings have a long hypocotyl in the light but a shorter hypocotyl
in the dark (Figures S3A–S3B). To determine whether afb4-2
seedlings also have high levels of IAA, we measured free IAA
levels in excised 4-day-old afb4-2 and Col-0 hypocotyls and,
in a separate experiment, in cotyledons and hypocotyls
combined. In both experiments, IAA levels were similar inboth genotypes, indicating that increased IAA levels are not
responsible for enhanced hypocotyl elongation (Figure 4A).
To determine whether IAA response is disrupted in afb4-2
plants, we examined transcript levels of a selection of auxin
response marker genes in cotyledon, hypocotyl, and root
tissue collected from SD-grown afb4-2 and wild-type seed-
lings after 2 hr treatment with or without 1 mM IAA. Tissue
was dissected from 4-day-old seedlings, when hypocotyls
are in their maximum stage of growth under our conditions
Figure 4. The afb4-2 Mutant Is Hypersensitive to Endogenous IAA
(A) IAA measurements from 4-day-old dissected hypocotyls and cotyledon + hypocotyls combined. Error bars represent standard deviation.
(B) qRT-PCR of IAA marker genes in hypocotyl tissue from 4-day-old WT and afb4-2 mutant seedlings following 2 hr treatment with 1 mM IAA. Expression
values are normalized to the PP2AA3 reference gene [20].
(C) IAA dose-response curve for WT and afb4-2. Seedlings grown for 4 days under SD photoperiod were transferred to the indicated IAA concentration for
3 days.
(D) Four-day-old WT and mutant seedlings were transferred to 29C for 2 days. Control plates were maintained at 22C. Hypocotyl length is expressed as
a percent elongation based on the control plates.
Error bars represent standard error. See also Figure S3.




D(Figure S2A). The early auxin-responsive genes were selected
based onmicroarray data fromNemhauser et al. [17]. The level
of each transcript in the untreated samples was similar in wild-
type and afb4-2 tissue. However, the response to auxin was
greater in the mutant compared to wild-type, indicating that
afb4-2 is hypersensitive to IAA in the hypocotyl (Figure 4B).
In contrast, we did not observe hypersensitivity in either the
root or cotyledons of afb4-2 plants at this growth stage (data
not shown).
To determine whether afb4-2 is hypersensitive with respect
to hypocotyl elongation, we treated wild-type and mutant
seedlings with increasing concentrations of IAA (Figure 4C).
The wild-type response curve was bell shaped, typical of
many auxin growth responses. As observed previously, the
mutant had longer hypocotyls in the absence of IAA. The
response curve was also slightly bell shaped, but in this
case, the maximum response occurred at a lower IAA concen-
tration consistent with auxin hypersensitivity (Figure 4C).
AFB4 Is Required for Temperature-Induced
Hypocotyl Elongation
Previous studies have shown that hypocotyls of seedlings
grown at 29C accumulate free IAA and as a result elongate
more than seedlings at 20C [18]. To determine whether
AFB4 regulates this response, we grew seedlings for 4 days
at 22C and shifted them to 29C. After two days at 29C,
RE
TR hypocotyls were measured and their length was expressedas a percentage of growth at 22C. As expected, wild-typehypocotyls were over twice as long at the higher temperature(Figure 4D). The afb5-5 mutation had no effect on theresponse, whereas the tir1-1 afb2-3 mutants were modestly
resistant to increased temperature. In contrast, the effect of
higher temperature on the afb4-2mutant was strongly reduced
compared to wild-type (Figure 4D). This aspect of the afb4-2
phenotype was also rescued by the AFB4:AFB4-GUS trans-
gene (Figure S3C).
Conclusions
In this report, we demonstrate that the AFB4 clade of auxin
receptors have a novel function in auxin signaling and seedling
development. We show that AFB4 and AFB5 are required for
picloram response and appear to be the major targets of this
class of herbicide. Paradoxically, AFB4 is a negative regulator
of IAA response in the developing seedling. At this point, the
biochemical basis for these effects is not clear. However, auxin
action is highly regulated, with multiple feedback systems
affecting every level of the auxin network [19]. It is possible
that AFB4 has a particularly important role inmediating a nega-
tive regulatory loop. If this were the case, loss of AFB4 would
result in increased auxin response. At the biochemical level,
the unusual activity of AFB4 may be related to interaction
with specific Aux/IAA and ARF proteins. Further detailed
AFB4 Auxin Receptor Has a Novel Function
525studies of the role of AFB4/5 in different aspects of the network
will be required to resolve this issue. In addition, biochemical
and structural studies will be required to determine the basis
of picloram action and the specific role of the AFB4 clade in
this response.
Experimental Procedures
Plant Material, Growth Conditions, and Treatments
Arabidopsis thaliana mutants and transgenic lines used in this study were
all in the Columbia (Col-0) ecotype. The SALK T-DNA insertion lines
afb5-5 (SALK_110643) and afb2-3 (SALK_137151) were obtained from the
Arabidopsis Biological Resource Center at The Ohio State University.
The afb4-2 mutant was backcrossed to Col-0 twice and genotyped for the
loss of the erecta lesion that is present in TILLING mutants. Seeds were
surface sterilized for 2 min in 70% (v/v) ethanol followed by 10 min in 30%
commercial bleach; plated on medium containing 1/23 Murashige-Skoog
medium, 1% sucrose, and 1% agar; and stratified for 2–4 days at 4C. All
root assays were completed under constant light and hypocotyl assays
were performed under SD photoperiods (8 hr light:16 hr dark) at a fluence
rate of 80 mmol/m2/s, unless otherwise stated. For more details of materials
and methods, see Supplemental Experimental Procedures.
Supplemental Information
Supplemental Information includes three figures and Supplemental Experi-
mental Procedures and can be found with this article online at doi:10.1016/j.
cub.2011.02.029.
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